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Abstract
The Gram-negative bacterium Pseudomonas sp. strain ADP is the best-character-
ized organism able to mineralize the s-triazine herbicide atrazine. This organism
has been the subject of extensive biochemical and genetic characterization that has
led to its use in bioremediation programs aimed at the decontamination of
atrazine-polluted sites. Here, we focus on the recent advances in the understanding
of the mechanisms of genetic regulation operating on the atrazine-degradative
genes. The Pseudomonas sp. strain ADP atrazine-degradation pathway is encoded
by two sets of genes: the constitutively expressed atzA, atzB and atzC, and the
strongly regulated atzDEF operon. A complex cascade-like circuit is responsible for
the integrated regulation of atzDEF expression in response to nitrogen availability
and cyanuric acid. Mechanistic studies have revealed several unusual traits, such as
the upstream activating sequence-independent regulation and repression by
competition with s54-RNA polymerase for DNA binding occurring at the s54-
dependent PatzR promoter, and the dual mechanism of transcriptional regulation
of the PatzDEF promoter by the LysR-type regulator AtzR in response to two
dissimilar signals. These findings have provided new insights into the regulation of
the atrazine-biodegradative pathway that are also relevant to widespread bacterial
regulatory phenomena, such as global nitrogen control and transcriptional
activation by LysR-type transcriptional regulators.
Introduction
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-tria-
zine) is a herbicide of the s-triazine family, widely used for
broad-leaf weed control both in crop and in noncrop lands
(Ralebitso et al., 2002; Tappe et al., 2002). Because of its high
mobility in soils and its relative persistence, atrazine is often
detected in surface and ground waters at concentrations well
above the legal limits (Kolpin & Kalkhoff, 1993; Richards &
Baker, 1993; Biradar & Rayburn, 1995; Hayes et al., 2002, 2003;
Tappe et al., 2002). The high incidence of atrazine contamina-
tion, along with an increasing concern about the toxicological
properties of atrazine, has prompted researchers to seek
bioremediation options for atrazine-polluted sites (Biradar &
Rayburn, 1995; Allran & Karasov, 2001).
Multiple bacteria have been isolated that remove atrazine
from contaminated soils and waters (Govantes et al., 2009).
Atrazine mineralization occurs via a widely conserved
hydrolytic pathway that proceeds through the sequential
elimination of the chlorine, ethylamino and isopropylamino
substituents, to yield cyanuric acid (2,4,6-trihydroxy-1,3,
5-triazine). Cyanuric acid is then cleaved and mineralized
to CO2 and ammonia, which is used as a nitrogen source
(Fig. 1). Because of the fully oxidized state of the s-triazine
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ring carbon atoms, they cannot be used as a carbon
source (Mandelbaum et al., 1995; Radosevich et al., 1995;
Struthers et al., 1998; Topp et al., 2000). However, several
organisms can grow on atrazine as the sole carbon and
energy source by metabolizing the N-alkyl substituents
(Shapir et al., 2007).
The Pseudomonas sp. ADP atrazine-
degradative plasmid pADP-1
Pseudomonas sp. strain ADP was one of the first atrazine-
mineralizing strains isolated, and the organism from which
the hydrolytic pathway of atrazine utilization was character-
ized biochemically (Wackett et al., 2002). The six-step path-
way is encoded in the 108-kbp plasmid pADP-1. Sequencing
of this complete plasmid revealed a highly unusual genetic
architecture (Martinez et al., 2001). The atzA, atzB and atzC
genes, which encode the activities required for removal of
the chlorine and aminoalkyl side chains of atrazine to yield
cyanuric acid, occur as single transcriptional units in a large
region encompassing nearly half of the plasmid sequence,
featuring an array of long sequence repeats and transposable
elements. This region is prone to rearrangements, resulting
in the stochastic loss of one, two or the three atz genes
included, or its complete deletion. This instability is largely
responsible for the frequent appearance of Atr (unable to
degrade atrazine) derivatives in Pseudomonas sp. strain ADP
(de Souza et al., 1998; Garcı´a-Gonza´lez et al., 2003) and
considerably hinders gene expression studies of the early
atrazine-degradative pathway in its natural host (Garcı´a-
Gonza´lez et al., 2005).
Despite an early claim that the genes involved in cyanuric
acid degradation are not located in the pADP-1 megaplas-
mid (de Souza et al., 1998), pADP-1 sequencing revealed an
operon-like structure encompassing the atzD, atzE and atzF
genes, and a divergent gene encoding a LysR-type transcrip-
tional regulator (LTTR), later designated AtzR (Martinez
et al., 2001; Garcı´a-Gonza´lez et al., 2005). The atzR-atzDEF
cluster is physically separated from the unstable region
containing atzA, atzB and atzC by two large gene clusters,
which include the functions for the replication, segregation
and conjugational transfer of pADP-1 (Martinez et al.,
2001). Cya (unable to degrade cyanuric acid) mutants arise
due to the spontaneous loss of the complete pADP-1
plasmid, but independent loss of atzD, atzE or atzF is not
detected, suggesting that these genes do not share the genetic
instability of atzA, atzB and atzC (V. Garcı´a-Gonza´lez & F.
Govantes, unpublished data).
Nitrogen source control of atrazine
biodegradation
Because atrazine is used primarily as a nitrogen source by
degrading strains, the effect of nitrogen availability on
atrazine degradation rates has been documented extensively.
Generally, nitrogen amendments reduce the rates of atrazine
degradation both in soil microbial populations (Entry et al.,
1993; Alvey & Crowley, 1995; Abdelhafid et al., 2000a, b;
Guille´n-Garce´s et al., 2007) and in pure cultures of degrad-
ing bacteria (Bichat et al., 1999; Gebendinger & Radosevich,
1999; Garcı´a-Gonza´lez et al., 2003), although exceptions to
this rule have been documented (Bichat et al., 1999).
Pseudomonas sp. strain ADP is the best-characterized
bacterial strain in nitrogen control of atrazine utilization
(reviewed by Govantes et al., 2009). Atrazine degradation by
resting cell suspensions of Pseudomonas sp. strain ADP is
inhibited when cells are grown on nitrogen sources that
support fast growth, whereas cells grown on growth-limiting
nitrogen sources or metabolites of the pathway (including
atrazine) support efficient degradation. Atrazine does not
induce the pathway in the presence of other nitrogen sources
(Bichat et al., 1999; Garcı´a-Gonza´lez et al., 2003). Similarly,
nitrate amendment significantly inhibited atrazine miner-
alization by Pseudomonas sp. strain ADP when tested in soil
Fig. 1. Schematic of the conserved hydrolytic
atrazine-degradative pathway. Gene
designations are those of Pseudomonas
sp. strain ADP.
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microcosms. The negative effect of added nitrogen sources
on atrazine elimination limits the use of Pseudomonas sp.
strain ADP bioremediation of atrazine-polluted agricultural
soils (Garcı´a-Gonza´lez et al., 2003). It should be noted that
inhibition of atrazine metabolism by nitrate is only relevant
when it is provided as a nitrogen source, as Pseudomonas sp.
ADP appears to mineralize atrazine normally when nitrate is
provided as an electron acceptor under anoxic conditions
(Katz et al., 2000). This observation highlights the notion
that inhibition is not the result of the mere presence of
nitrate in the medium, but of its contribution to nitrogen
availability.
Attempts to study the expression of the atzA, atzB and
atzC genes in Pseudomonas sp. strain ADP failed to demon-
strate regulation in response to atrazine (Martinez et al.,
2001; Devers et al., 2004) or nitrogen limitation (O. Porru´a
& F. Govantes, unpublished data). Bioinformatics analyses
did not identify any regulatory elements upstream of atzA,
atzB or atzC (Martinez et al., 2001). In addition, the
upstream regions of atzA and atzB consist of an identical
4 7-kbp repeat starting only 5 bp upstream from the start
codon of each gene. Each of these repeats contains three
divergently transcribed truncated ORFs encoding incom-
plete subunits of pyruvate dehydrogenase, a complete
IS1071 element and an additional transposase. This arrange-
ment suggests that these genes do not contain a proper
promoter region and are likely transcribed from sequences
serendipitously assembled upstream from the correspond-
ing coding sequences.
In contrast to the lack of regulation in the early genes of
the pathway, detailed gene expression studies performed
using Pseudomonas putida KT2442 (Franklin et al., 1981) as
a surrogate host have revealed that the atzDEF operon is
subjected to a complex two-tiered cascade regulatory circuit
(reviewed by Govantes et al., 2009) (Fig. 2) reminiscent of
that described for the nitrogen fixation (nif) genes in
Klebsiella pneumoniae. The first tier of regulation involves
the transcriptional activation of the atzR gene, encoding the
LTTR AtzR, by the general nitrogen control activator NtrC,
as well as atzR repression by its own gene product. In turn,
AtzR activates atzDEF transcription in response to two
signals that act in an additive fashion: the substrate of the
pathway, cyanuric acid, which is sensed directly by AtzR, and
nitrogen limitation, which is transmitted to AtzR by the PII
signal transduction protein GlnK. Both levels of control are
connected by the reciprocal regulation between NtrC and
GlnK, as GlnK regulates the activity of NtrC (Garcı´a-
Gonza´lez et al., 2009) and NtrC activates the expression of
GlnK (Herva´s et al., 2008, 2009). Nevertheless, it is interest-
ing that the regulation of atzR transcription appears to be
dispensable for correct atzDEF regulation, as constitutively
synthesized AtzR supports a nearly wild-type regulatory
response under a wide range of conditions (Garcı´a-Gonza´lez
et al., 2005). Regulated AtzR synthesis may nevertheless
contribute to the energy economy of the cell, as shown by
the fact that AtzR is produced in vivo at very low concentra-
tions (Porru´a et al., 2009). Alternatively, strict PatzR regula-
tion may be critical under conditions different from those
tested in the laboratory.
The divergent atzR-atzDEF promoter
region
The divergent atzR-atzDEF promoter region contains all the
cis-acting elements required for the regulatory cascade of the
cyanuric acid utilization operon, including the PatzR and
PatzDEF promoters, and the AtzR-binding site (Fig. 3). The
PatzR promoter is a typical s54-dependent promoter driving
the transcription of atzR. PatzR is predicted to be a strong
promoter from its similarity to the consensus s54-RNA
polymerase recognition motif (CGGCACN5-TTGCT vs.
Fig. 2. Regulatory circuit of the atzDEF operon. Cartoon depicting the
regulatory cascade involved in atzDEF regulation. The dashed box
indicates the general nitrogen control system. Factors with assumed
roles for which we have no direct experimental evidence (NtrB and GlnD)
have been omitted for simplicity. Taken from Garcı´a-Gonza´lez et al.
(2009). NtrB is represented as a dimer and GlnK as a trimer based on
evidence from other systems. AtzR is represented as a tetramer based on
our own results (Porru´a et al., 2007). Cross-hatching indicates truncation
of the longer atzDEF operon in the drawing.
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TGGCAC-N5-TTGCA) (Barrios et al., 1999). Accordingly,
PatzR supports stable binding of s54-RNA polymerase to
form a closed complex that is readily detected by DNAse I
footprint, a trait that has been shown to correlate with high
promoter occupancy by s54-RNA polymerase (Morett &
Buck, 1988, 1989; Hoover et al., 1990). The atzDEF
operon is transcribed divergently from a single s70-depen-
dent promoter, PatzDEF, showing poor conservation at the
 35 motif, a feature shared by other positively regulated
promoters.
The interaction of AtzR with the divergent atzR-atzDEF
promoter region has been characterized in detail. AtzR binds
to five consecutive major grooves overlapping the  24
motif of the PatzR promoter and the  35 motif of the
PatzDEF promoter (Porru´a et al., 2010). This five-subsite
structure fits well the general binding pattern described for
several tetrameric LTTRs (Toledano et al., 1994; Hryniewicz
& Kredich, 1995; Wang & Winans, 1995). Accordingly, the
two PatzDEF-distal subsites are enclosed within a G-C-rich
7-bp heptameric palindrome centered at position  65 from
the atzDEF transcriptional start, bearing the conserved
T-N11-A motif, conforming to a strong recognition element
designated the repressor-binding site (RBS) (Porru´a et al.,
2007). The additional three subsites conform to a weaker
binding element, designated the activator-binding site
(ABS). While keeping two subunits tightly bound to the
RBS, the two additional subunits can switch between two
conformations: an extended conformation that interacts
with the central and PatzDEF-proximal subsites and a
compact conformation that interacts with the PatzDEF-
distal and central subsites (Porru´a et al., 2010). This
conformational change is of paramount importance to the
activation mechanism and is discussed below.
Two additional features of the divergent PatzR-atzDEF
promoter region are worth mentioning. First, there is a
conspicuous absence of a binding site for NtrC, the activator
of the PatzR promoter. Second, there is the presence of an as
yet uncharacterized cis-acting element that influences atz-
DEF expression: serial deletion analysis revealed that the
removal of sequences between the atzR transcriptional start
and the AtzR-binding site resulted in an 10-fold decrease
in atzDEF expression under all conditions, whereas the
general regulatory pattern is largely unaffected (Fig. 3). The
nature and function of this overimposed regulation and the
trans-acting factors that may be involved are currently
unknown (Porru´a et al., 2007; O. Porru´a & F. Govantes,
unpublished data).
Activation and autorepression at the
PatzR promoter
The regulatory gene atzR is transcribed from the single s54-
dependent PatzR promoter, which is activated by the
enhancer-binding protein (EBP) NtrC in response to nitro-
gen limitation. However, the atzR-atzDEF promoter region
does not contain an upstream activation sequence (UAS) for
NtrC binding, and a sequence-specific interaction with the
promoter region is not required for PatzR activation (Porru´a
et al., 2009). Consistently, PatzR is a strong promoter that
supports stable binding of s54-RNA polymerase, a trait that
has been shown to correlate with UAS-independent activa-
tion in other promoters (Morett & Buck, 1988, 1989;
Hoover et al., 1990; Wu et al., 1999; Martı´nez et al., 2004;
Burtnick et al., 2007).
In addition to being activated by NtrC, the PatzR
promoter is one of the few documented s54-dependent
promoters subjected to negative regulation. This rare phe-
nomenon has been shown to occur by an antiactivation
mechanism, in which the repressor prevents productive
interactions between the EBP and RNA polymerase (Feng
et al., 1995; Martin-Verstraete et al., 1995; Wang et al., 1998;
Mao et al., 2007). In contrast, AtzR represses its own
synthesis by interacting with the PatzR promoter region at
a site overlapping PatzR and competing with s54-RNA
polymerase for DNA binding (Porru´a et al., 2009). Although
this is arguably the most common mechanism of repression
for s70-dependent promoters (Rojo, 1999), such a mechan-
ism has not been described previously for s54-dependent
promoters. There is a clear correlation between the un-
usual activation and repression mechanisms operating at
Fig. 3. Schematic of the atzR-atzDEF divergent promoter region. The atzR and atzD coding sequences are indicated by broken boxes. (Top and bottom)
Promoters and transcription start sites are shown as solid and bent arrows, respectively, and shaded and open boxes denote the RBS half-sites and the
ABS subsites, respectively. PatzR and PatzDEF conserved promoter motifs are underlined, and a dashed box denotes an uncharacterized region required
for maximal expression of the PatzDEF promoter. Modified from Porru´a et al. (2010).
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the PatzR promoter. A repression mechanism involving
interference with DNA looping or NtrC binding to DNA,
as described for other s54-dependent promoters, is not
expected to prevent UAS-independent activation. On the
other hand, because of the requirement of a stable closed
complex for efficient UAS-independent activation, competi-
tion with s54-RNA polymerase for DNA binding appears to
be an adequate repression mechanism. It has been shown
that AtzR is present at limiting concentrations in the cell
even under inducing conditions (Porru´a et al., 2009).
Competition with RNA polymerase for strong binding to
the promoter may be a means to ensure that an excess of
AtzR is not synthesized under any conditions.
Activation of the PatzDEF promoter
by AtzR
As shown above, the architecture of the PatzDEF promoter
region is in general similar to that most often observed with
LTTR-activated promoters (Fig. 3). In addition, the me-
chanism of cyanuric acid-dependent activation by AtzR
shares the main features of the ‘sliding dimer’ model of
inducer-dependent activation as described for several other
LTTRs (Maddocks & Oyston, 2008). However, recent work
has revealed some unusual intricacies in the interaction of
AtzR with the atzR-atzDEF promoter region (Fig. 4). In the
complex AtzR-binding site, the RBS is the primary recogni-
tion element (Porru´a et al., 2007), whereas ABS-3 is the
main binding determinant within the ABS (Porru´a et al.,
2010). Interaction with the RBS and ABS-3 elements occurs
preferentially in the absence of stimuli and causes a sharp
bend in DNA. Under these conditions, the ABS-3 subsite
acts as a ‘subunit trap’ that prevents signal-independent
activation of the PatzDEF promoter by sequestering AtzR in
an activation-deficient conformation (Porru´a et al., 2010)
(Fig. 4b). Upon interaction with the inducer, the AtzR–DNA
complex is stably rearranged into a more compact confor-
mation in which AtzR is bound to the ABS-1 and ABS-2
subsites, the DNA bending angle is relaxed and transcrip-
tional activation occurs (Fig. 4c). Remarkably, the recogni-
tion of ABS-1 and ABS-2 by AtzR in this conformation
appears to be relatively independent of their primary
sequences (Porru´a et al., 2010) and largely determined by
indirect readout of a sequence-directed DNA bend occur-
ring at an A-tract located between both subsites (O. Porru´a
& F. Govantes, unpublished data). The role of ABS-3 as a
repressor element and the involvement of a spontaneous
DNA bend in recognition are new features of the ‘sliding
dimer’ model that are likely to occur in other LTTR-
activated promoters.
In addition to sensing cyanuric acid, AtzR activates
atzDEF transcription during nitrogen-limited growth in the
absence of an inducer. Genetic evidence indicates that GlnK
interacts directly with AtzR under nitrogen limitation and
stimulates its activity. The nature of this interaction is
currently unknown. The fact that it occurs only under
nitrogen limitation indicates that the uridylylated form of
GlnK is likely the physiologically relevant form for this
regulation. However, by constitutively producing a nonur-
idylylatable mutant of GlnK, it was shown that the nonur-
idylylated form partly retains the ability to stimulate AtzR
activity (Garcı´a-Gonza´lez et al., 2009). Activation in re-
sponse to nitrogen limitation is strictly dependent on AtzR
interaction with the ABS-1 and ABS-2 subsites. However,
Fig. 4. The different modes of interaction of
AtzR with the atzR-atzDEF promoter region. The
four AtzR monomers are shown on a cylinder
model of the DNA strand. The RBS and ABS
subsites are shown as closed and shaded bands
on the cylinder surface. The position and angle of
the AtzR-induced bend are indicated when
known. Padlocks indicate that the monomers are
locked in a stable conformation bound to the
corresponding subsites. (a) Free atzR-atzDEF
promoter region. (b) Locked inactive AtzR bound
in the absence of signal. (c) Locked active AtzR
bound in the presence of cyanuric acid. (d)
Flexible conformation of AtzR under nitrogen
limitation can switch between active and inactive
conformations.
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the mechanism of activation appears to be different from
the ‘sliding dimer’ model: rather than causing a stable
rearrangement of the AtzR–DNA complex to the activa-
tion-proficient conformation, nitrogen limitation elicits
transient shifts between the active and the inactive forms
(Porru´a et al., 2010) (Fig. 4d). The difference between both
mechanisms is evidenced in vivo by the phenotypes of the
single subsite mutants: in the presence of cyanuric acid,
atzDEF expression was not affected by inactivation of ABS-
3 and only moderately diminished by mutations at ABS-1
and ABS-2, indicative of a rigid architecture in which the
protein is poised in the active conformation, interaction
with ABS-3 is negated and a high affinity for ABS-1 and
ABS-2 is not critical (Fig. 4c). In contrast, mutations at all
three ABS subsites displayed strong phenotypes on activa-
tion in response to nitrogen limitation alone, strongly
suggesting that AtzR is not committed to a rigid architec-
ture and likely wobbles between different conformations as
a function of its relative affinity for each subsite (Porru´a
et al., 2010) (Fig. 4d). This dual activation mechanism has
not yet been described for any other protein in the LTTR
family.
Final remarks
Since its isolation in 1995 (Mandelbaum et al., 1995),
Pseudomonas sp. strain ADP has become the best-character-
ized organism capable of mineralizing the widely used
herbicide atrazine. The atrazine-degradative pathway of
Pseudomonas sp. strain ADP has been the focus of intense
biochemical and genetic characterization, including the
landmark sequencing of the intriguing 108-kbp pADP-1
plasmid. In addition, both the organism and the over-
produced atrazine chlorohydrolase enzyme have been used
in diverse attempts at bioremediation (Wackett et al., 2002).
However, regulatory studies of the atz were not performed
for a decade, likely due to the remarkable resistance of the
host strain to genetic manipulation (in addition to the
remarkable instability of the pADP-1 plasmid). In recent
years, the use of P. putida KT2442 as a surrogate host for
in vivo gene expression analysis, along with in vitro tools, has
led to an indepth understanding of the regulation of the
atzR-atzDEF system. This work has been a source of new
insights into the previously unexplored general nitrogen
control in the genus Pseudomonas, and the molecular details
of transcriptional regulation by the LTTR family. The
intricacy of the regulation of the cyanuric acid degradative
genes and its seamless integration in the bacterial physiology
is in stark contrast to the apparently accidental and un-
regulated expression of the genes in the upper atrazine
pathway, highlighting the notion that the atrazine-degrada-
tive pathway is a patchwork assembly of newly acquired
genes added to a pre-existing, mature pathway.
Acknowledgements
We wish to thank Ana Bele´n Herva´s, Ine´s Canosa, Manuel
Garcı´a-Jaramillo and Claudia Lucı´a Milla´n for their con-
tribution to the atrazine degradation project. Our work on
the regulation of atrazine degradation has been supported
by grants QLK3-CT-1999-00041 (European Union),
BIO2004-01354 and BIO2007-63754 (Ministerio de
Educacio´n y Ciencia, Spain), and fellowships from the I3P
(CSIC/Ministerio de Educacio´n y Ciencia, Spain) and FPU
(Ministerio de Educacio´n y Cultura, Spain) programs,
awarded to O.P. and V.G.-G., respectively.
References
Abdelhafid R, Houot S & Barriuso E (2000a) Dependence of
atrazine degradation on C and N availability in adapted and
non-adapted soils. Soil Biol Biochem 32: 389–401.
Abdelhafid R, Houot S & Barriuso E (2000b) How increasing
availabilities of carbon and nitrogen affect atrazine behaviour
in soils. Biol Fert Soils 30: 333–340.
Allran JW & Karasov WH (2001) Effects of atrazine on embryos,
larvae, and adults of anuran amphibians. Environ Toxicol
Chem 20: 769–775.
Alvey S & Crowley DE (1995) Influence of organic amendments
on biodegradation of atrazine as a nitrogen source. J Environ
Qual 24: 1156–1162.
Barrios H, Valderrama B & Morett E (1999) Compilation and
analysis of sigma(54)-dependent promoter sequences. Nucleic
Acids Res 27: 4305–4313.
Bichat F, Sims GK &Mulvaney RL (1999) Microbial utilization of
heterocyclic nitrogen from atrazine. Soil Sci Soc Am J 63:
100–110.
Biradar DP & Rayburn AL (1995) Chromosomal damage induced
by herbicide contamination at concentrations observed in
public water supplies. J Environ Qual 24: 1222–1225.
Burtnick MN, Downey JS, Brett PJ, Boylan JA, Frye JG, Hoover
TR & Gherardini FC (2007) Insights into the complex
regulation of rpoS in Borrelia burgdorferi.Mol Microbiol 65:
277–293.
de Souza ML, Wackett LP & Sadowsky MJ (1998) The atzABC
genes encoding atrazine catabolism are located on a self-
transmissible plasmid in Pseudomonas sp. strain ADP. Appl
Environ Microb 64: 2323–2326.
Devers M, Soulas G &Martin-Laurent F (2004) Real-time reverse
transcription PCR analysis of expression of atrazine
catabolism genes in two bacterial strains isolated from soil.
J Microbiol Meth 56: 3–15.
Entry JA, Mattson KG & Emmingham WH (1993) The influence
of nitrogen on atrazine and 2,4-dichlorophenoxyacetic acid
mineralization in grassland soils. Biol Fert Soils 16: 179–182.
Feng J, Goss TJ, Bender RA & Ninfa AJ (1995) Repression of the
Klebsiella aerogenes nac promoter. J Bacteriol 177: 5535–5538.
Franklin FC, Bagdasarian M, Bagdasarian MM & Timmis KN
(1981) Molecular and functional analysis of the TOL plasmid
FEMS Microbiol Lett 310 (2010) 1–8c 2010 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
6 F. Govantes et al.
 by guest on June 4, 2016
http://fem
sle.oxfordjournals.org/
D
ow
nloaded from
 
pWWO from Pseudomonas putida and cloning of genes for the
entire regulated aromatic ring meta cleavage pathway. P Natl
Acad Sci USA 78: 7458–7462.
Garcı´a-Gonza´lez V, Govantes F, Shaw LJ, Burns RG & Santero E
(2003) Nitrogen control of atrazine utilization in Pseudomonas
sp. strain ADP. Appl Environ Microb 69: 6987–6993.
Garcı´a-Gonza´lez V, Govantes F, Porru´a O & Santero E (2005)
Regulation of the Pseudomonas sp. strain ADP cyanuric acid
degradation operon. J Bacteriol 187: 155–167.
Garcı´a-Gonza´lez V, Jime´nez-Ferna´ndez A, Herva´s AB, Canosa I,
Santero E & Govantes F (2009) Distinct roles for NtrC and
GlnK in nitrogen regulation of the Pseudomonas sp. strain
ADP cyanuric acid utilization operon. FEMS Microbiol Lett
300: 222–229.
Gebendinger N & Radosevich M (1999) Inhibition of atrazine
degradation by cyanazine and exogenous nitrogen in bacterial
isolate M91-3. Appl Microbiol Biot 51: 375–381.
Govantes F, Porru´a O, Garcı´a-Gonza´lez V & Santero E (2009)
Atrazine biodegradation in the lab and in the field: enzymatic
activities and gene regulation.Microbial Biotechnol 2: 178–185.
Guille´n-Garce´s RA, Hansen AM & van Afferden M (2007)
Mineralization of atrazine in agricultural soil: inhibition by
nitrogen. Environ Toxicol Chem 26: 844–850.
Hayes T, Haston K, Tsui M, Hoang A, Haeffele C & Vonk A
(2002) Herbicides: feminization of male frogs in the wild.
Nature 419: 895–896.
Hayes T, Haston K, Tsui M, Hoang A, Haeffele C & Vonk A
(2003) Atrazine-induced hermaphroditism at 0.1 ppb in
American leopard frogs (Rana pipiens): laboratory and field
evidence. Environ Health Persp 111: 568–575.
Herva´s AB, Canosa I & Santero E (2008) Transcriptome analysis
of Pseudomonas putida in response to nitrogen availability.
J Bacteriol 190: 416–420.
Herva´s AB, Canosa I, Little R, Dixon R & Santero E (2009) NtrC-
dependent regulatory network for nitrogen assimilation in
Pseudomonas putida. J Bacteriol 191: 6123–6135.
Hoover TR, Santero E, Porter S & Kustu S (1990) The integration
host factor stimulates interaction of RNA polymerase with
NIFA, the transcriptional activator for nitrogen fixation
operons. Cell 63: 11–22.
Hryniewicz MM & Kredich NM (1995) Hydroxyl radical
footprints and half-site arrangements of binding sites for the
CysB transcriptional activator of Salmonella typhimurium.
J Bacteriol 177: 2343–2353.
Katz I, Green M, Ruskol Y & Dosoretz CG (2000)
Characterization of atrazine degradation and nitrate reduction
by Pseudomonas sp. strain ADP. Adv Environ Res 4: 211–218.
Kolpin DW & Kalkhoff SJ (1993) Atrazine degradation in a small
stream in Iowa. Environ Sci Technol 27: 134–139.
Maddocks SE & Oyston PC (2008) Structure and function of the
LysR-type transcriptional regulator (LTTR) family proteins.
Microbiology 154: 3609–3623.
Mandelbaum RT, Wackett LP &Allan DL (1995) Isolation and
characterization of a Pseudomonas sp. that mineralizes the
s-triazine herbicide atrazine. Appl Environ Microb 61:
1451–1457.
Mao XJ, Huo YX, Buck M, Kolb A &Wang YP (2007) Interplay
between CRP-cAMP and PII-Ntr systems forms novel
regulatory network between carbon metabolism and nitrogen
assimilation in Escherichia coli. Nucleic Acids Res 35:
1432–1440.
Martinez B, Tomkins J, Wackett LP, Wing R & Sadowsky MJ
(2001) Complete nucleotide sequence and organization of the
atrazine catabolic plasmid pADP-1 from Pseudomonas sp.
strain ADP. J Bacteriol 183: 5684–5697.
Martı´nez M, Brito B, Imperial J & Ruiz-Argu¨eso T (2004)
Characterization of a new internal promoter (P3) for
Rhizobium leguminosarum hydrogenase accessory genes
hupGHIJ.Microbiology 150: 665–675.
Martin-Verstraete I, Stulke J, Klier A & Rapoport G (1995) Two
different mechanisms mediate catabolite repression of the
Bacillus subtilis levanase operon. J Bacteriol 177: 6919–6927.
Morett E & Buck M (1988) NifA-dependent in vivo protection
demonstrates that the upstream activator sequence of nif
promoters is a protein binding site. P Natl Acad Sci USA 85:
9401–9405.
Morett E & Buck M (1989) In vivo studies on the interaction of
RNA polymerase-s54 with the Klebsiella pneumoniae and
Rhizobium meliloti nifH promoters. The role of NifA in the
formation of an open promoter complex. J Mol Biol 210:
65–77.
Porru´a O, Garcia-Jaramillo M, Santero E & Govantes F (2007)
The LysR-type regulator AtzR binding site: DNA sequences
involved in activation, repression and cyanuric acid-
dependent repositioning. Mol Microbiol 66: 410–427.
Porru´a O, Garcı´a-Gonza´lez V, Santero E, Shingler V &Govantes F
(2009) Activation and repression of a sN-dependent promoter
naturally lacking upstream activation sequences.MolMicrobiol
73: 419–433.
Porru´a O, Platero AI, Santero E, Del Solar G & Govantes F (2010)
Complex interplay between the LysR-type regulator AtzR and
its binding site mediates atzDEF activation in response to two
distinct signals. Mol Microbiol 76: 331–347.
Radosevich M, Traina SJ, Hao YL &Tuovinen OH (1995)
Degradation and mineralization of atrazine by a soil bacterial
isolate. Appl Environ Microb 61: 297–302.
Ralebitso TK, Senior E & van Verseveld HW (2002) Microbial
aspects of atrazine degradation in natural environments.
Biodegradation 13: 11–19.
Richards RP & Baker DB (1993) Pesticide concentration patterns
in agricultural drainage networks in the Lake Erie basin.
Environ Toxicol Chem 12: 13–36.
Rojo F (1999) Repression of transcription initiation in bacteria.
J Bacteriol 181: 2987–2991.
Shapir N, Mongodin EF, Sadowsky MJ, Daugherty SC, Nelson KE
& Wackett LP (2007) Evolution of catabolic pathways:
genomic insights into microbial s-triazine metabolism.
J Bacteriol 189: 674–682.
FEMS Microbiol Lett 310 (2010) 1–8 c 2010 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
7Regulation of atrazine biodegradation
 by guest on June 4, 2016
http://fem
sle.oxfordjournals.org/
D
ow
nloaded from
 
Struthers JK, Jayachandran K & Moorman TB (1998)
Biodegradation of atrazine by Agrobacterium radiobacter J14a
and use of this strain in bioremediation of contaminated soil.
Appl Environ Microb 64: 3368–3375.
Tappe W, Groeneweg J & Jantsch B (2002) Diffuse atrazine
pollution in German aquifers. Biodegradation 13: 3–10.
Toledano MB, Kullik I, Trinh F, Baird PT, Schneider TD & Storz G
(1994) Redox-dependent shift of OxyR-DNA contacts along
an extended DNA-binding site: a mechanism for differential
promoter selection. Cell 78: 897–909.
Topp E, Zhu H, Nour SM, Houot S, Lewis M & Cuppels D (2000)
Characterization of an atrazine-degrading Pseudaminobacter
sp. isolated from Canadian and French agricultural soils. Appl
Environ Microb 66: 2773–2782.
Wackett LP, Sadowsky MJ, Martinez B & Shapir N (2002)
Biodegradation of atrazine and related s-triazine compounds:
from enzymes to field studies. Appl Microbiol Biot 58: 39–45.
Wang L &Winans SC (1995) The sixty nucleotide OccR operator
contains a subsite essential and sufficient for OccR binding
and a second subsite required for ligand-responsive DNA
bending. J Mol Biol 253: 691–702.
Wang YP, Kolb A, Buck M, Wen J, O’Gara F & Buc H (1998) CRP
interacts with promoter-bound s54 RNA polymerase and
blocks transcriptional activation of the dctA promoter. EMBO
J 17: 786–796.
Wu SQ, Chai W, Lin JT & Stewart V (1999) General nitrogen
regulation of nitrate assimilation regulatory gene nasR
expression in Klebsiella oxytoca M5al. J Bacteriol 181:
7274–7284.
FEMS Microbiol Lett 310 (2010) 1–8c 2010 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
8 F. Govantes et al.
 by guest on June 4, 2016
http://fem
sle.oxfordjournals.org/
D
ow
nloaded from
 
